Introduction: Exceptional optical properties characterize teeth. As such, an esthetic restorative material should enable the dental professional to imitate the optical properties of natural teeth accurately. IPS Empress Direct was introduced to the market with the claim that it can mimic optically dental tissues with superior clinical performance. Aim: To evaluate the ability of IPS Empress Direct to mimic tooth appearance and color and resist staining. Materials and methods: Three disc specimens were prepared for each shade of enamel and dentin of Lucirin-based composite, IPS Empress Direct (Ivoclar Vivadent) (A1, A2, A3, B1, and B2) (total of 60). The specimens were submitted to colorimetric evaluation in comparison after immersion in 10 different solutions (coffee, coffee with sugar, coffee with milk, red tea, red tea with sugar, red tea with milk, tomato juice, pomegranate juice, coke, and distilled water as a control group) for 4 weeks using spectrophotometric analysis. Results: After plotting the data and conducting linear regression analyses, IPS Empress showed high potential in mimicking the optical properties of natural tooth color according to the CIE color space. Three solutions showed a change in color higher than 3, coffee, coffee with sugar, and red tea. All other solution showed changes in color that are acceptable clinically. Conclusion: IPS Empress Direct can satisfactory mimic teeth appearance and color while manifesting high stability of color resisting staining upon clinical aging.
Introduction
The desire to have a more pleasant smile has become an essential esthetic need among today's patients. Multiple components contribute to a patient's smile, with anterior teeth playing a significant role in smile aesthetics. Teeth are characterized by exceptional optical properties, which far exceed qualities associated with color; translucency and opalescence are two significant factors affecting tooth appearance and color perception. [1] [2] [3] [4] Tooth color is determined by a combination of complex optical properties of both enamel and dentin, as well as the surrounding soft tissues. [5] [6] [7] [8] [9] In the oral cavity, teeth are prone to decay, discoloration, trauma, or fracture.
Restoring anterior teeth has always been a challenge, requiring the restoration of contour, texture, optical characteristics, and color stability. Teeth have a complex, layered structure, and their colors are the net result of a combination of colors from each layer. [10] [11] [12] For example, dentin is far more opaque and intensely colored than is enamel. 13, 14 As such, the color-matching procedure is both challenging and important, 7, 9, [15] [16] [17] especially given the increased emphasis on the appearance of patients seeking dental treatment.
In the oral cavity, a composite restoration is subjected to intrinsic and extrinsic staining. [18] [19] [20] [21] Staining can be related to polymerization depth, filler particles size, photo-initiator, and the resin matrix. [22] [23] [24] [25] [26] [27] Change in temperature, water sorption or adsorption, food, drinks, smoking as well as oral hygiene are some of the oral environment contributing factors. 20, 22, 28, 29 Extrinsic staining can be managed by maintaining polished composite surface initially and later through periodic repolishing. [30] [31] [32] [33] [34] Resin-based composite materials represent the most commonly used restorative material in aesthetic restorations. These materials are composed of a polymeric matrix based on dimethacrylate monomers and inorganic fillers and are coated with methyl methacrylate-functional silanes to bond the particles to the matrix, as well as a photo-initiator system that permits photoactivation using a light source. 32, [35] [36] [37] [38] [39] [40] [41] [42] Most resin-based composites utilize camphorquinone (CQ) as the initiator system. CQ is a stable yellow compound with an unbleachable chromophore group. The presence of CQ in the resin leads to an undesirably yellowish effect in the final cured resin-based material; to complicate the problem further, this yellowing effect increases with aging. 32, [43] [44] [45] [46] [47] [48] Later on, a different photo-initiator (monoacylphosphine oxide (Lucirin TPO)) system has been introduced that is designed to improve polymerization kinetics and reduce photo-yellowing effects. 45, [49] [50] [51] [52] [53] The use of Lucirin eliminated the amine group, thereby increasing color stability upon aging. 25, 45, 48, [54] [55] [56] IPS Empress Direct (Ivoclar Vivadent, Schaan, Liechtenstein), a resin-based material, was introduced to the market. Utilizing the latest technology, the manufacturer of IPS composite added nano-fillers and the Lucirin TPO-initiator system to the compound to reduce the amount of CQ used, thereby reducing its yellowing effect. According to the manufacturer, the new resin composite material IPS Empress Direct (Ivoclar Vivadent) can mimic the optical characteristics of teeth, including color, opalescence, and translucency, while expressing superior mechanical properties. 57, 58 However, few studies have investigated the properties of IPS Empress Direct. To the best of our knowledge, limited study has specifically investigated the ability of IPS Empress resin composite to match the color and optical properties of teeth. 12, 52 
Study objectives
The study objectives were as follows: 1) to evaluate the ability of IPS Empress Direct to mimic tooth appearance and color, and 2) to evaluate specifically the color stability of IPS Empress Direct resin composite.
Study design

Preparation of tooth samples
Fifteen intact, freshly extracted human teeth representing common shads (3 each shade; A1, A2, A3, B1, and B2) were collected; teeth were indicated for extraction for orthodontics treatment and a signed written informed consent was obtained from each patient. The tooth roots were embedded in transparent epoxy resin (Coltene, Altstätten, Switzerland). Two discs were cut from each tooth (n=30, 15 enamel and 15 dentin). These discs were subsequently sectioned according to 2 different planes. First, a superficial slice on the widest enamel plane was removed, and a 1-mm (±0.05 mm) disc was prepared following this axis. Next, a second 1-mm (±0.05 mm) disc was obtained by sectioning in a perpendicular direction along the long axis of the tooth 1.5 mm below the deepest point in the occlusal surface. The first disc was used to measure the enamel shade from its inner side, while the second disc was used to measure the dentinal shades from the occlusal side. 8 ( Figure 1 )
IPS Empress Direct composite samples preparation
Thirty acrylic discs with holes (1 mm thick, 12 mm in diameter) were used as molds to construct the resin composite samples (3 samples of each shade, A1E, A2E, A3E, B1E, B2E, A1D, A2D, A3D, B1D, B2D). These discs were placed on top of a glass slide covered with a Mylar sheet. Next, the discs were slightly overfilled with the materials to be tested. After the molds were filled, they were covered with a second Mylar sheet and a glass slide to remove any excess material. Each specimen was examined with the naked eye against natural light to check for any internal porosities or defects. A light-curing unit [QHL 75 (505 mW/cm 2 ) (Dentsply, York, PA, USA)] was used to photoactivate the resin composite. Curing was performed with each specimen in overlapping sections each for 30 s. Both upper and lower surfaces were cured until the whole specimen was irradiated for a total of 8 curing cycles. After curing, each specimen was polished from both surfaces using a mechanical polisher (MetaServ 250 Grinder-Polisher, Buehler, IL, USA) with 2000-and 3000-grit silica carbide abrasive papers under constant water cooling. 38 The thickness of samples was then measured using a digital caliber to ensure thickness of 1 mm.
Solution immersion
Randomly resin discs were divided into 10 groups (n=6) to be immersed into 10 different staining solutions (coffee, coffee with sugar, coffee with milk, red tea, red tea with sugar, red tea with milk, tomato juice, pomegranate juice, coke, and distilled water as a control group).
After polishing of composite samples, samples were washed and stored in distilled water for 24 hrs in a 37°C incubator prior immersion for the polymerization to be completed, then samples were immersed separately in 10-mL containers filled with the corresponding solution.
( Table 1 ) Samples were kept in a thermostatically controlled incubator at 37°C±1°C for 4 weeks. The solution was stirred 3 times a day to prevent sedimentation; solutions were changed weekly to prevent fungal colonization. 22, 59, 60 At the end of the 4 weeks, samples were removed from the solution with forceps and ultrasonically cleaned (UCP-10 Ultrasonic Cleaner, 230V UCP, Crest Ultrasonics Corp., NJ, USA) under distilled water for 1 min each. Samples were then blotted dry with tissues, and color measurements were obtained before and after 4 weeks of immersion.
Color measurements
The color was measured according to the CIE L* a* b* color scale relative to D65 on a Crystaleye Handheld 
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Dental Spectrophotometer (Olympus America Inc., USA) [61] [62] [63] Three color coordinate readings at three different parts were obtained from each specimen. Color coordinates were calculated as below:
L* 1 , L* 2 , L 3 , a* 1 , a* 2 , a* 3 , b* 1 , b* 2 , and b* 3 were the color coordinates of the 3 parts of each specimen. Color difference was measured following the equation:
Translucency parameter was calculated as the difference in color between the resin composite specimens as they appeared against a white background and as they appeared against a black background according to the following equation:
Statistical analysis
Color reproducibility
The color coordinate measurements were computed for both natural tissues (e.g., enamel or dentin) and IPS Empress. A linear regression analysis was performed to investigate the relationships between the colors of natural tooth tissues and those of IPS Empress. This approach enabled the evaluation of the significance of the correlation coefficient between the values of L*, a*, and b*. A paired t-test was conducted to analyze the difference in translucency between the enamel and dentinal shades of the IPS resin composite.
Color stability
Statistical analysis was performed using multifactorial ANOVA followed by Tukey test to evaluate differences in ΔE, ΔL, Δa, and Δb before and after immersion in staining solution. The data analysis was carried out using IBM SPSS statistics for Windows version 24.0. Armonk, NY: IBM Corp., with a significance set at (p00.05). 
Results
Color reproducibility
The L*a*b* data of natural teeth and IPS Empress composite are presented in ( Table 2 ). The translucency parameters of the IPS Empress composite are presented in (Table 2) . Linear regression was plotted to investigate the correlations between the color parameters of IPS Empress Direct and natural tooth tissues. (Figures 2-4 ) There was a significant correlation between a* and b*; between a* and the material type and between b* and the material type. All three correlation coefficients had positive values. For a* and b* when the value of b* increased, the value of a* also increased and vice versa, which indicates an increase in the chroma toward red and yellow.
The composite specimens exhibited the same changes and correlations as did the tooth specimens.
The results in Figures 1 and 2 showed an increase in the values of a* and b* (ie, positive in the composite and negative in the tooth tissues) with increases in the enamel shade. Conversely, B1E manifested the smallest amount of chroma followed by A1E, B2E, A2E, and A3E. It is worth noting that the value (L*) decreased as the shades increased, while B1E showed the highest value followed by A1E, B2E, A2E, and A3E. These observations coincided with dentinal shade observations. The L* values of the enamel shades were higher than those for the dentinal shades, which was expected because the enamel is characterized by high translucency and value. There was a significant (p=0.0001) decrease in the values of translucency between the enamel shades and dentinal shades of the IPS Empress Direct resin composite (Tables 3 and 4 ).
Color stability
The color change was determined by evaluating the color difference (ΔE) ( Tables 5 and 6 ). Although there is a detected change in color, there was no significance found in ΔE between various solutions including the control group (distilled water) ( Table 7) .
The clinically acceptable color difference when ΔE ˂ 3, which means color change blow 2 cannot be detected by the naked eye. 59, 64 Three solutions showed a change in color higher than 3, coffee, coffee with sugar, and red tea. All other solution showed changes in color that are acceptable clinically. Different coffee and the red tea groups showed decrees in the lightness and increase in the yellowness ( Table 5 ). Tomato juice groups showed an increase in redness, while the pomegranate juice showed reduce in lightness ( Figure 5 ).
Discussion
In the CIE (an international organization devoted to color standardization), three-dimensional color space involves three axes: L*, a*, and b*. The value of L* is a measure of the lightness of an object (value) where zero represents perfect black, and 100 represents a perfect reflecting diffuser. a* and b* both measure chroma (color saturation) and hue (color). The a* value is the measure of redness Notes: A1, A2, A3, B1, and B2 represent the color shades of both teeth and resin composite tested in the study (the common shades used in the dental clinics). Abbreviations: TE, enamel translucency; TD, dentin translucency. Notes: A1, A2, A3, B1, and B2 represent the color shades of both teeth and resin composite tested in the study (the common shades used in the dental clinics), L* represent the lightness of the color (Value) where 0 presents perfect black and 100 represent a perfect reflecting surface, a* is the measure of redness (positive a* values) or greenish (negative a* values), b* is the measure of yellowness (positive b* values) or bluish (negative b* values). Value between brackets (SD) is the standard deviation for each sample group.
Abbreviations: E, enamel; D, dentin.
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(positive a*) or greenness (negative a*). The b* value is the measure of yellowness (positive b*) or blueness (negative b*). The a* and b* values approach zero for achromatic colors (e.g., white and gray) but increase in magnitude with more intense colors (chroma). 9, 65, 66 The color of natural teeth is a complex combination of different layers (e.g., pulp chamber and its content, as well as dentin and enamel), with each layer having its unique optical properties and structure. Discussing tooth color matching is important in clinical settings, as a wide range of tooth shades and colors occupy only a narrow area in the broader color schematic. In other words, the difference between the lightest and darkest tooth shades, although crucial in clinical dentistry, is but a minor difference regarding shades in the real world. As such, even a minor difference in the color coordinates can result in crucial differences in tooth appearance. 9, 67, 68 This study aimed to evaluate the color properties and stability of IPS Empress Direct resin composite. To minimize the number of variables, a standardized thickness was used for both resin and the tooth samples. The color measurements were obtained under controlled viewing conditions using the same background and corrected sources of light. The Crystal-eye spectrophotometer used in the study has been used in several published studies, one of which supported its reliability and accuracy. 8, 61, 66, [69] [70] [71] In the oral environment, the surrounding soft tissues, the darkness of the oral cavity and the internal pulpal tissues all influence the color of teeth, and they may also influence the detection of color perception regarding differences between natural tissue and restorative materials. The a* values of non-vital tooth tissues have shown a shift toward green (negative values), while the b* values have shown a shift toward blue. Thus, a*, b*, and L* values of restorative materials have to be adjusted to obtain better matching to vital tooth structures (in vivo). This characteristic explains why no attempts have been made to evaluate the differences in the values of a*, b*, and TP between composite and natural tissues statistically. 7, 8 Instead, a linear regression was plotted, and correlations were subsequently investigated (Figures 2 and 3) .
Significant correlations were detected between a* and b*; between a* and the material type; and between b* and the material type. All three correlation coefficients had positive values. In other words, when the value of b* increased, the value of a* also increased and vice versa. The correlation between the material and changes in a* and b* is affected by the arrangement and choices of shades that were tested, as the shades were selected and arranged from lower chroma and higher values to higher chroma and lower values. Chroma increased from the lighter shades to the darker shades (A1 to A4 or B1 to B4). Conversely, values decreased from the lighter shades to the darker shades. This increase in chroma and decrease in value were shown clearly when the data were plotted for both the natural tooth tissues and IPS Empress (Figures 2 and 3) . The negative value of a* did not reflect the decrease in the amount of chroma, as it reflected the direction toward green instead of red. The same can be applied for b* as the negative value indicated a shift toward blue.
The values tended to be smaller when the samples were examined against a black background, as the composite resin revealed a darker and greenish and bluish appearance when viewed against dark backing. This finding explains the grayish appearance commonly seen when the composite is used to restore a through-and-through cavity (classes III and IV), which helps to mimic natural appearance of the tooth more effectively by reproducing the translucent outer enamel layer reflecting the darker oral cavity from underneath. 15, 39, 72, 73 The concept of using both enamel and dentinal shades utilizes a layering technique, 8, 74 which results in a more optical and anatomically accurate reproduction of tooth appearance. The difference in translucency between enamel and dentinal shades has helped mimic the natural appearance of teeth (Table 3 ). Natural enamel is characterized by a high translucency and low chroma, while the dentin exhibits relatively opaque characteristics and higher chroma. 8, 67, 72, 75 The translucency of composite is a result of not only chroma increases, but also of the filler content and pigment additions that diffuse the light spectrum. 76, 77 IPS Empress Direct contains nano-fillers that improve light diffusivity and color properties. The use of opaquer dentin helps to block the dark color of the oral cavity in through-and-through cavity restorations. The darkness of the oral cavity also results in a reduction in the value of the relatively translucent composite, rendering a perfectly matched colored restoration unacceptable.
The staining solution used in this study was coffee, coffee with sugar, coffee with milk, red tea, red tea with sugar, red tea with milk, tomato juice, pomegranate juice, and coke. These solutions were chosen as the most common daily beverages known to have staining potentials and cover a wide variety of staining shades. 32, 78, 79 Distilled water was chosen as a control group ( Figure 6 ). Four weeks were chosen in according to previous studies, which is equivalent to 2.5 years of clinical aging. 19, 80 Control group showed acceptable color (ΔE˂3) after the immersion period indicating that the water sorption by itself causes no staining of composite restoration. 81 Although there was no significant difference detected between the groups, black coffee showed the highest change in color, followed by the red tea, the coffee with sugar, and the last was the coffee with milk ( Figure 7 ). The addition of the sugar and milk group was added as some studies showed a difference in staining potentials of coffee when sugar or milk was added. 56 The higher staining potential of the coffee can be contributed to the presence of yellow staining molecules with high affinity to polymer molecules. [82] [83] [84] For the tea, the staining could be due to the presence of tannic acid and stains. 28, 29, [85] [86] [87] Coke despite its acidity which might deteriorate the restoration 
surface, proven to have low potential to stain resin restorations as the yellow stain particles have low polarity. [88] [89] [90] [91] It was expected that the pomegranate and the tomato juices would show the heist staining potentials which was not the case in the study as they showed the lowest change in color.
It is safe to say that the IPS Empress Direct composite resin can resist staining through aging it might be due to the use of different photoinitiator which eliminates the amine group, improve polymerization kinetic as well as reduce the yellowing effect of polymerization.
In conclusion, the optical properties and translucency of IPS Empress Direct resin composite displayed high potential in mimicking the optical properties of natural tooth color according to the CIE color space. IPS Empress Direct manifests high stability of color resisting staining upon clinical aging.
Clinical relevance
The desire to have a more pleasant smile has become an essential esthetic need among today's patients. Tooth color appearance can dramatically affect a patient's social life and confidence, while it can have adverse effects if the patient is not comfortable with his or her smile. In the oral cavity, teeth are prone to decay, discoloration, trauma, or fracture. Restoring anterior teeth has always been a challenge, as the restoration must restore tooth contour, texture, and optical characteristics.
Teeth have a complex, layered structure, and their colors are the net result of the combined colors of each layer. As patients are increasingly interested in esthetic dental treatment, color-matching procedures are becoming more challenging and essential. Although color stability and staining of camphorquinone-photo-activated resin composite have been widely investigated, the color stability and staining of a Lucirin-photo-activated composite have not been investigated. Though this study is an in vitro study, it can predict the ability of the IPS Empress Direct resin composite (Lucirin-photo-activated composite) to reproduce teeth color and resist staining upon aging.
Ethics
Consent form was signed by patients from where teeth were extracted for orthodontics treatment.
